Abstract The patterns of emergence and disappearance in animal species of genes encoding RBR ubiquitin ligases are described. RBR genes can be classified into subfamilies (Parkin, Ariadne, Dorfin, ARA54, etc.) according to sequence and structural data. Here, I show that most animal-specific RBR subfamilies emerged early in animal evolution, and that ancient animals, before the cnidarian/ bilaterian split, had a set of RBR genes, which was as complex as the one currently found in mammals. However, some lineages (nematodes, dipteran insects) have recently suffered multiple losses, leading to a highly simplified set of RBR genes. Genes of a particular RBR subfamily, characterized by containing a helicase domain and so far found only in plants, are present also in some animal species. The meaning of these patterns of diversification and streamlining are discussed at the light of functional data. Extreme evolutionary conservation may be related to gene products having housekeeping functions.
Introduction
In eukaryotic cells, ubiquitination serves multiple purposes. The best known, generally associated to the addition of a polyubiquitin chain, is to tag a protein for destruction via the proteasome (Glickman and Ciechanover 2002; Schwartz and Ciechanover 2009 ). In addition, the correct function of molecular pathways as different as DNA repair, cellular signaling, or endocytosis, and also the activation of gene expression require particular proteins being ubiquitinated but not degraded. These regulatory roles often involve monoubiquitination at specific residues or, some times, assembly of atypical polyubiquitin chains (Welchman et al. 2005; Kerscher et al. 2006; Mukhopadhyay and Riezman 2007; Ikeda and Dikic 2008; Weake and Workman 2008) . This relevance of ubiquitination in multiple processes has led to a great interest in unveiling the complex biochemical machinery involved in this finely regulated protein modification system. Ubiquitination has three steps, each one of them involving a different type of protein: E1s or ubiquitinactivating enzymes, E2s or ubiquitin-conjugating enzymes, and E3s or ubiquitin ligases. Ubiquitin ligases are the most interesting, given that they provide most of the specificity to the ubiquitination process. This is easily deduced from the fact that E3s are much more numerous and diverse than E1s and E2s. In the human genome, current estimations suggest that there is a single E1 and less than 30 E2s, while there are many hundreds of ubiquitin ligases (Schwartz and Ciechanover 2009) . It has been found that ubiquitin ligases contain characteristic protein domains, being the two most common the RING finger and the HECT domain. RING finger containing ubiquitin ligases are the most common type of E3s, with hundreds of members encoded in mammalian genomes. They can be divided into different types according to their sequence and structural similarity. Among the most characteristic RING finger containing E3s are the members of the RBR family of ubiquitin ligases (reviewed in Marín et al. 2004) . Some of the members of the RBR family are being extensively studied due to their implication in human diseases. The best known is Parkin. Mutations in the parkin gene have been found in cases of juvenile, autosomal recessive familial Parkinson disease (Kitada et al. 1998 ). Evidence for a potential involvement of other RBR proteins in human diseases has been also obtained (see summary in Marín et al. 2004) . RBR proteins are characterized by having a complex supradomain, composed of three consecutive domains, rich in cysteins and histidines. The first, N-terminal domain (RING1) is a canonical RING finger with a C 3 HC 4 signature of conserved cysteine and histidine residues. The second domain, known as IBR, typically has a C 6 HC signature and is present only in RBR proteins. Recent structural data have shown that the IBR domain in fact consists of two consecutive zinc-binding domains, respectively, based on C 4 and C 2 HC ligands (Beasley et al. 2007 ). Finally, the third, C-terminal domain, often called RING2, resembles a RING finger (e.g., it also contains a C 3 HC 4 signature). However, both the spacing of residues and the sequence of this domain are quite different from those characteristic of RING fingers (Marín and Ferrús 2002) . Structural data indicated that the RING2 domain is not a canonical RING finger, but a totally different domain (Capili et al. 2004) , which so far as been also found only in RBR proteins.
Given that the RING1-IBR-RING2 signature (or RBR signature), which characterizes the family is exclusively found in this type of proteins, it is easy to detect them in database searches. In previous studies, my group described the origin and evolution of the RBR protein family (Marín and Ferrús 2002; Marín et al. 2004; Lucas et al. 2006) . We found that they are ancient, being present in all eukaryotes for which sequence data are available. In our most recent analyses, which included 347 protein sequences, we determined that, according to sequence similarity and structural features, the RBR family can be subdivided into at least 14 subfamilies (Lucas et al. 2006 ; see the Supplementary information of that work for complete phylogenetic analyses). Two of them, called Ariadne and ARA54, were found in both unikonts and bikonts, implying a very ancient origin. Most families, however, are restricted to some lineages. Particularly, we found that no less than six subfamilies (called RNF144, Dorfin, XAP3, PAUL, IBRDC1, and Parkin) were animal-specific. A latter study confirmed all these findings (Eisenhaber et al. 2007) .
The recent sequencing of the genomes of two key organisms, the placozoan Trichoplax adhaerens and the cnidarian Nematostella vectensis (Putnam et al. 2007; Srivastava et al. 2008) , which belong to basal branches of the animal tree, allow us to address three of the questions that remained to be answered regarding the evolution of the RBR family in animals. A first significant question is to determine when the animal-specific subfamilies emerged. The second question is to establish how the RBR family has expanded or contracted in different animal lineages. The third, final question is to propose a model of why the expansions and contractions of this gene family have occurred, based on our knowledge of the functions of the RBR proteins. Here, after considering the sequences and structures of 530 animal-specific RBR sequences, I trace the pattern of diversification of this family in animal lineages. The evolutionary history of the RBR family turns to be very complex. While most subfamilies emerged very early in animal evolution and some lineages have conserved virtually intact their RBR gene complement for hundreds of millions of years, other lineages have suffered loss of many genes, some times in short periods of time. Lineage-specific amplifications of some subfamilies are also found. The functional implications of these results are discussed.
Methods
A total of 34 different RBR signature sequences were used as queries in TBLASTN searches using the NR, EST, WGS, GSS, and HTGS databases at the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm. nih.gov/). These 34 sequences were selected because either they were representatives of the known RBR subfamilies or they were found in preliminary analyses to be significant dissimilar to the already characterized sequences. After compiling all the information obtained with the TBLASTN 170 searches, I detected that they had become saturated, i.e., all sequences appeared in multiple searches. After eliminating incomplete fragments (\180 amino acids long) and duplicates, the sequences were aligned using CLU-STALX 2.07 (Larkin et al. 2007 ) and the alignments were manually refined with the GeneDoc 2.7 sequence editor (Nicholas and Nicholas 1997) . Finally, a database containing 1174 RBR sequences was obtained. I selected for this work the 530 animal sequences that were present in that database.
From the final alignment of the animal protein sequences, phylogenetic analyses were performed according to three different methods. First, neighbor-joining (NJ) trees were obtained using MEGA 4 (Tamura et al. 2007) . As a second procedure, maximum-parsimony (MP) trees were obtained using PAUP*, beta 10 version (Swofford 2003) . Finally, maximum-likelihood (ML) trees were obtained using PHYML (Guindon and Gascuel 2003) . Parameters used were the same described in Lucas and Marín (2007) . J Mol Evol (2009) 69:54-64 55 For NJ, sites with gaps were included and Kimura's correction was used. For MP, the parameters were as follows:
(1) all sites were included, (2) randomly generated trees were used as seeds, (3) the maximum number of tied trees saved was equal to 20, and (4) a heuristic search using the subtree pruning-regrafting algorithm was performed. This is not a very exhaustive procedure, and may lead to an underestimate of bootstrap support (see below), but had to be used in this case, given the large number of sequences to be analyzed. For ML trees, the BIONJ tree was taken as a starting point for the iterative ML searches, and calculations were performed using the Blosum62 matrix of amino acidic similarity. A total of 1,000 bootstrap replicates were performed to establish the reliability of the NJ and MP trees obtained. For ML, which is more computer intensive, I obtained 100 bootstrap replicates. Structures were analyzed using a combination of analyses using both TBLASTN and the integrated tool InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/), which detects known protein domains in multiple databases (Zdobnov and Apweiler 2001) . When a human representative of a given subfamily existed, its full-length sequence (instead of just the RBR signature, as in the previously described analyses) was used as query in TBLASTN searches to determine whether the proteins that appear closely located in the phylogenetic trees based on the RBR signature also contained significant similarities in the regions that corresponded to the protein domains already characterized in the human proteins (described in Marín and Ferrús 2002; Marín et al. 2004; Lucas et al. 2006) . Searches with canonical members of subfamilies for which no human proteins were present were similarly performed. The ORF finder routine, available at NCBI, (http://www. ncbi.nlm.nih.gov/gorf/gorf.html) was used to expand the ORFs detected, if required. InterProScan was used to establish the domains present in all the proteins of the basal animals T. adhaerens and N. vectensis.
Functional data were obtained from SymAtlas (http:// symatlas.gnf.org/SymAtlas/; Su et al. 2002 Su et al. , 2004 Bieri et al. 2007 ) for Caenorhabditis elegans genes. For human RBR genes, the microarray data in SymAtlas (datasets GNF1H.gcRMA and GNF1H.MAS5, each one with 79 independent results for different tissues or cell types) were downloaded. For each RBR gene present in those datasets, the probe with the highest average level of expression was chosen and the number of tissues with a significantly high level of expression (i.e., expression value C 200; see Su et al. 2002) was determined. For D. melanogaster, both microarray and genetic data for the five RBR genes present in that species were also downloaded in order to estimate the presence/absence of expression in different tissues and the effect of mutations. A gene was considered to have positive expression in a tissue when at least three of the four ''calls'' obtained in the four independent microarrays were positive (see http://130.209.132.177/atlas/about_atlas.html for a detailed explanation). Finally, genetic data for all C. elegans RBR genes were obtained in order to determine the phenotypic effects of either null mutations or downexpression using RNA interference.
Results
Nearly All Animal RBR Sequences Can Be Classified into just 12 Subfamilies Figure 1 summarizes the results of all the phylogenetic analyses. At the subfamily and orthology group levels, NJ, MP, and ML results were congruent enough as to be fitted together into a single tree. Any reader interested in the database of animal RBR proteins may access Supplementary Files 1 and 2, which, respectively, contain the alignment and the NJ phylogenetic tree (in MEGA 4 format), with all the detailed information for the 530 animal sequences. In our latest analyses (Lucas et al. 2006) , we were able to classify all animal sequences then available into nine subfamilies (Ariadne, RNF144, Dorfin, XAP3, Paul, IBRD1, Parkin, ARA54, Triad3; names according to the corresponding human genes), leaving out just a few sequences of Caenorhabditis nematodes, which were very divergent. These analyses, with a much larger number of animal sequences, largely confirmed those results: all but 9 of the 530 sequences can be ascribed to 1 of those 10 ensembles ( Fig. 1) . A single difference is apparent when these new results are compared with those in our previous studies. The Ariadne subfamily appeared as a single group, albeit with no significant bootstrap support, when sequences for all type of organisms were mixed together (see Supplementary Fig. 1 in Lucas et al. 2006) . However, in the animal-specific analyses performed here, the Ariadne family is divided into two groups. On one hand, sequences closely related to those of the human genes Ariadne1, Ariadne2, and ANKIB1 appear together in the tree, although again the branch that includes them all does not have significant bootstrap support ( Fig. 1) . On the other hand, the sequences related to a fourth Ariadne gene, called PARC, appeared in a separated position in one phylogenetic analysis (NJ, shown in Fig. 1 ), but together with other Ariadnes in the other two (MP, ML; not shown). In my view, these results do not challenge the hypothesis, put forward in Marín and Ferrús (2002) , that genes belonging to these four orthology groups must be included into a single subfamily. This is due to the fact, already pointed out in our previous works, that proteins in the four groups contain a large region of similarity beyond the RBR domain. This region, which we called Ariadne domain (Marín and Ferrús, 2002) , has not been hitherto found in any protein not belonging to the RBR family. This is a strong indication of a common origin for Ariadne1, Ariadne2, ANKIB1, and PARC genes. Ariadne domains have been detected in all new proteins included in these recent analyses, with the exception of some truncated sequences. It is significant to point out that the division of the animal Ariadnes into the four divergent orthology groups shown in Fig. 1 was already described by Lucas et al. (2006) , which performed a detailed phylogenetic analysis of this subfamily (See Supplementary Fig. 2 of that paper) .
Seven of the other eight subfamilies described in our previous works (Parkin, RNF144, Dorfin, Paul, IBRDC1, XAP3, and Triad3) appear also in these new analyses as significantly supported groups (Fig. 1) . The eighth subfamily, ARA54, has a lower degree of support, as occurred in previous works (Marín and Ferrús 2002; Lucas et al. 2006) . However, again we can trust that all the genes indeed belong to the same orthology group given that they share a domain called RWD (Marín et al. 2004; Lucas et al. 2006) . Finally, the Caenorhabditis-specific ensemble detected before also appears in these new analyses as an independent, highly supported group. Given the clear sequence divergence of these nematode genes from the rest of RBR genes, confirmed with this extensive dataset, it seems convenient to classify them as belonging to a new RBR subfamily (Caenorhabditis-specific subfamily; Fig. 1 ). The nine sequences that cannot be fitted into the 10 subfamilies described above fall into three classes. First, there are two sequences, from the mollusk Aplysia californica and the flatworm Schmidtea mediterranea, which are highly divergent and cannot be ascribed to any group (Fig. 1) . Second, there are three sequences, which appear as a monophyletic, highly supported group, which are all from the cnidarian N. vectensis. I will follow the same convention used before for the Caenorhabditis-specific sequences and consider that these three sequences constitute a new subfamily (Nematostella-specific subfamily, Fig. 1 ). The simplest interpretation of this finding is that RBR genes have appeared in cnidarians, which are not present in other animals. Finally, and most interestingly, I have detected four genes (from Trichoplax, Nematostella, Aplysia, and the nematode Brugia malayi) that must be considered as members of an additional RBR subfamily. Not only these genes have quite closely related RBR signature sequences (Fig. 1) , but also they share domains, which are typical of the DEAH/DEAD family of RNA and DNA helicases. This leads to the definition of a Helicase subfamily (Fig. 1) . This finding, which has significant implications, is described in detail in the next section.
In total, I found six RBR sequences in the Trichoplax genome, which corresponded to orthologs of Ariadne1, parkin, dorfin, PAUL, and ARA54 plus the helicase just mentioned. In Nematostella, 15 RBR sequences were detected, corresponding to orthologs of Ariadne1, Ariadne2, ANKIB1, RNF144, dorfin, PAUL, IBRDC1, XAP3, ARA54 (two genes), and Triad3, plus the helicase-encoding and the three Nematostella-specific subfamily genes already mentioned. Structures of all the RBR proteins of Trichoplax and Nematostella were examined by a combination of TBLASTN and InterProScan searches (see ''Methods'' section). I confirmed that most of the proteins of those two organisms were structurally identical to those in other animals, a result that reinforces the phylogenetic analyses. This includes finding the following typical domains: (1) Ariadne domains, C-terminally located in the three proteins in Nematostella and the single protein in Trichoplax, which belong to the Ariadne subfamily; (2) Nterminal Ankyrin repeats in the ortholog of ANKIB1 in Nematostella; (3) Short dorfin domains, C-terminally located in both the Nematostella and Trichoplax dorfin orthologs. These domains may be truncated, given that it is likely that the reconstructions I obtained for those two proteins were incomplete; (4) Two RanBP2 (''little fing'') fingers in the Nematostella ortholog of PAUL and a single one in the ortholog of XAP3 in that same species, all of them located N-terminally with respect to the RBR supradomain; (5) A C-terminal ubiquitin-like domain in the XAP3 ortholog in Nematostella; (6) A C-terminal RWD domain in the ARA54 orthologs in both Trichoplax and Nematostella. No additional domains were found in the RNF144, TRIAD3 or IBRDC1 proteins of those two species, as also occurs in their mammalian counterparts. The Nematostella-specific subfamily sequences do not contain any additional domain, in spite of that they are 897-924 amino acids long. In summary, all but one of the structures of Trichoplax and Nematostella proteins were very similar or identical to those found in the orthologous proteins in mammals (see Marín et al. 2004) . The only discrepancy with the mammalian sequences was found for the Trichoplax ortholog of parkin. I could not confirm that the Trichoplax parkin protein contains a ubiquitin domain, as occurs in all parkin proteins in other species. However, this may be due to the sequence being incomplete.
Helicase-RBR Proteins Are Ancient and Have Been Lost in Many Lineages
The finding of a few helicase-encoding RBR genes in animals was quite unexpected. In our previous analyses, we already detected RBR genes with helicase domains, but only in plants, leading to the definition of a subfamily called ''Plant I'' (Marín and Ferrús 2002; Lucas et al. 2006) . The fact that only a few animal genes from species recently sequenced turn to encode helicase domains explains why we missed them before. Given the significance of this finding, I have performed specific analyses to detect additional helicase-containing RBR sequences. TBLASTN and BLASTP analyses at NCBI detected the already known plant sequences, the four sequences shown in Fig. 1 and a single additional gene, which, given that the available nucleotide sequences can be translated into protein sequences with multiple stop codons, may correspond to a pseudogene. This gene derives from the ciliate Plasmodium tetraurelia. Figure 2 summarizes the current information about the structures of the proteins encoded by all these genes. All of them are very similar. They first have an N-terminal region of variable length without any obvious domains. Then, three domains typical of DEAD/DEAH helicases (known as DEAD, C-terminal helicase domain and HA2) appear. They are separated by about 600-700 amino acids from the RBR supradomain, which is always located in the C-terminus of the protein. Often, other RNAbinding domains (RRM, KH) or the DUF1605 domain, of unknown function, are present between the helicase and RBR domains. It is very unlikely that this peculiar structure has appeared multiple times, so the alternative hypothesis, namely that the patchy phylogenetic range is due to multiple independent losses, must be preferred. If this is correct, we must conclude that the Helicase subfamily originated before animals arose. It would, therefore, be the fourth subfamily, the others being Ariadne, ARA54, and Triad3 (Marín and Ferrús 2002; Lucas et al. 2006) , which emerged before the advent of animals.
Patterns of Expansion and Contraction of RBR Subfamilies
We have seen that essentially all animal RBR sequences can be classified into 12 subfamilies and 15 orthology groups (Fig. 1) . The large amount of sequences available, together with the large number of species sampled, allows for the first time to establish with a great precision how these subfamilies and orthology groups have appeared and disappeared along the evolution of different animal lineages. Figure 3 summarizes my current hypothesis regarding how RBR genes have evolved in animals. This figure describes the most parsimonious view that accounts for gene emergence and loss, using all the available information. Figure 3 was derived considering whether each of the organisms or groups depicted contained or not each of the orthology groups and then minimizing the number of gains or losses required to explain the pattern observed. The reader may infer this figure, or test the likelihood of alternative hypotheses, by studying Supplementary File 2.
A fundamental conclusion of this work is that most of the diversification of the RBR family occurred very early in animal evolution. Already before the split that separated the placozoan lineage from the rest of animals, we must postulate the presence of at least seven subfamilies. This is due to the facts that the placozoan T. adhaerens has members of five subfamilies (Ariadne, ARA54, Parkin, Dorfin, and Paul), that Triad3 genes were already present before the fungi/animals split (Lucas et al. 2006) and that the Helicase subfamily was also present when animals originated (as deduced from the data shown in the previous section). At that time, it is possible that a single Ariadne gene was present: an ortholog of the human gene Ariadne1 is present in Trichoplax. A second RBR expansion most likely occurred after the separation of the placozoans but before the cnidarian/bilaterian split. To explain the diversity of RBR genes currently found in Nematostella, we must hypothesize the emergence of other three subfamilies (RNF144, IBRDC1, and XAP) plus the diversification of the Ariadne subfamily, to give rise to the Ariadne2 and ANKIB1 genes (Fig. 3) . In summary, we find that, quite notably, Nematostella has a RBR family, which is comparable both in number of genes and in diversity to that found in mammals: 15 genes from 10 subfamilies are present in the cnidarian and about the same number of genes but from just 9 subfamilies are found in mammalian species. In summary, both lineages, mammals and cnidarians, have conserved almost all genes present in ancient animals and later incorporated a few additional duplicates.
We may thus conclude that innovation in the RBR family has been very rare after the cnidaria/bilateria split. At most three novelties can be detected (Fig. 3): (1) the few Nematostella-specific genes that may correspond to a new subfamily; (2) the appearance of the Caenorhabditisspecific subfamily; and (3) the emergence of the complex PARC genes (described in detail in Marín and Ferrús 2002; Marín et al. 2004 ). In fact, even whether the Caenorhabditis genes are truly new is unclear. They consistently appear in the phylogenetic trees together with the Helicase subfamily genes (Fig. 1) , although they do not encode helicase-containing proteins. In my opinion, the finding of a helicase-containing gene in the closely related nematode Brugia malayi might be interpreted as the Caenorhabditis genes being truncated derivates of Helicase subfamily genes. If this is true, the number of innovations after the cnidaria/bilateria split would be even further limited. The second major result deduced from these data is that losses of RBR genes are frequent, and are especially concentrated in some lineages. Particularly striking are the extreme decrease of the diversity of RBR genes in nematodes and some insects. Within insects, there is a progressive disappearance of RBR subfamilies, with a minimum number in dipterans (Fig. 3) . We must conclude that model species such as D. melanogaster (which has 6 RBR genes, belonging to 4 subfamilies), C. elegans (11 genes, but from just 5 subfamilies), or Brugia malayi (just 5 genes, also from 5 subfamilies) have an RBR set of genes, which is much less diverse than that found in Nematostella, a much simpler organism. It is significant that before the insect/nematode split at least 11 genes from 9 subfamilies were present and that some species, such as the insect Tribolium castaneum, still retain much of that diversity (9 genes, from 7 subfamilies) (Fig. 3) .
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It will be interesting to compare these data from ecdysozoans with results from the lophotrochozoans, for which there is still a great paucity of information. Although most of the genes have been found in at least one lophotrochozoan species, the largest set of RBR genes detected so far in a single species is just four, in the annelid Helobdella Fig. 3 Diversification and simplification of the RBR family. The simplest hypothesis that explains all available data is summarized. I have assumed a basal phylogenetic position for placozoans, as described by Srivastava et al. (2008) , and, for protostomes, the ecdysozoa/ lophotrochozoa split. Arrows indicate appearances and rectangles indicate losses. The star indicates multiple appearances and losses associated to the genome duplications in vertebrates. Question marks have been added to indicate that results for branches for which there is no complete genomic data (in which the names are indicated in brackets) are still provisional robusta (where I have detected orthologs of Ariadne1, RNF144, XAP3, and TRIAD3) and the platyhelminth Schmidtea mediterranea (which contains a single ortholog of Ariadne1, two XAP3 genes, and the extra, unassigned gene shown in Fig. 1 ). This means that lophotrochozoan lineages may have suffered losses of RBR genes comparable to those found so far in ecdysozoans. In fact, substantial losses in particular lineages may be a general feature of the evolution of the RBR family not only in protostomes but also in deuterostomes: the urochordate Ciona intestinalis (eight genes, from six subfamilies) has lost at least three genes since its lineage separated from the one that gave rise to vertebrates (Fig. 3) . Finally, it is also noteworthy that the two rounds of genome duplication that likely occurred in the vertebrate lineage did not generate a significant increase in RBR genes. Only two pairs of vertebrate-specific duplicates (RNF144/IBRDC2 and Dorfin/IBRDC3) can be detected. Therefore, vertebrates have suffered massive losses of RBR genes, although conserving at least a member of each of the original orthology groups.
A final result that deserves attention is that recent duplications of particular RBR genes have occurred in particular lineages, often in those in which a loss of other RBR genes had previously occurred. Thus, C. elegans contains four Ariadne1 genes, two Dorfin genes, and two ARA54 genes and D. melanogaster has also two Ariadne1 genes. For some other species, duplications are even more extensive (a caveat is however that functional data are not available, and therefore some sequences may correspond to non-active pseudogenes). I have detected that larger multiplications seem to have occurred in the wasp Nasonia vitripennis (four Ariadne1 genes), the mosquitoes Aedes aegypti (five XAP3 genes), and Culex quinquefasciatus (seven XAP3 genes) and even more strikingly in the genome of Caenorhabditis brenneri, in which no less than 17 different Ariadne1 signatures can be found.
Long-Term Conservation of Particular RBR Genes and Functional Correlates
From Fig. 3 , it can be also deduced the likelihood of each particular gene to be lost in the examined lineages. A simple inspection makes clear than genes have different degrees of conservation. Especially, genes belonging to five orthology groups (Ariadne1, Ariadne2, dorfin, Paul, and RNF144) are generally conserved. They have been confirmed lost in at most one of the lineages shown in Fig. 3 . I found interesting to investigate whether conservation may be related to having a broad pattern of expression. Therefore, I explored microarray data from multiple tissues or cell types in humans and flies to determine how broadly expressed are their genes (see ''Methods'' section for the details). In human microarrays obtained from SymAtlas and corresponding to data obtained from 79 different tissues and cell types, significant Ariadne1, Ariadne2, PAUL, and RNF144 expression was found in the 99.3%, 100%, 97.5%, and 68.4% of the cases, respectively. The situation is a bit more complicated for dorfin genes, given that, as I already indicated above, humans, as other vertebrates, contain two of these genes, dorfin and IBRDC3. I found that dorfin is very restrictively expressed (14.6% of the samples), but IBRDC3 expression was again detected in 100% of the cases. Thus, the ancestral dorfin gene, before the dorfin/IBRDC3 duplication, might have been also broadly expressed, as IBRDC3 is still now. In summary, the RBR genes that tend to be evolutionary conserved are broadly expressed in humans (average = 91.3% of the tissues or cell types excluding IBRDC3 data; 93.0%, including them). In SymAtlas, there can be found also expression data for other six RBR genes: TRIAD3 (98.1% of the tissues showed positive expression), XAP3 (63.7%), ARA54 (61.4%), PARC (56.3%), Parkin (44.9%), and IBRDC1 (41.8%). The average for these six less conserved genes is 61.0%.
In flies, data from FlyAtlas (see ''Methods'' section) provided information for expression in 14 different tissues. The bona-fide orthologs of Ariadne1 (called ariadne-1 in flies), Ariadne2 (ariadne-2), RNF144 (CG33144), and parkin (also called parkin) were found expressed in all tissues. For ariadne-1, this was first described by Aguilera et al. (2000) . On the other hand, the PAUL gene in the fly (CG11321) was detected in head, crop, hindgut, male accessory glands, and in the whole adult carcass. A duplicate of ariadne-1, CG12362, which is characterized by having a quite divergent sequence (Marín and Ferrús 2002 and this study) , was found to be expressed in testes and, at lower levels, in larval fat body. Thus, in adult flies, three of the four evolutionary highly conserved genes are broadly expressed.
A second aspect that may be significant to understand the relative susceptibility of different genes to loss is the effects of mutations affecting them. There is a limited amount of information regarding the phenotypic effects of mutations in RBR genes. In mammals, such information is restricted to parkin. Loss of function mutations in the parkin gene lead to just subtle anomalies in mice and human, in this last case leading, a considerable time after birth, to Parkinson disease (Kitada et al. 1998; Goldberg et al. 2003; Itier et al. 2003; Palacino et al. 2004; Perez and Palmiter 2005) . Data for model invertebrates is more abundant. In the fly, knockout mutants in ariadne-1 are semilethal and in ariadne-2, fully lethal (Aguilera et al. 2000) . This difference may be due to the presence of CG12362, a recent duplicate of ariadne-1 (Marín and Ferrús 2002) . On the other hand, parkin mutants are viable, although show some phenotype changes, caused by a general mitochondrial dysfunction (Greene et al. 2003; Pesah et al. 2004; Clark et al. 2006; Park et al. 2006; Yang et al. 2006) . For the other genes, there are no loss-offunction mutants described. However, down-regulation of the expression of the ariadne-1 duplicate CG12362 using RNA interference (RNAi) led also to lethality, while RNAi experiments with the other two RBR genes (CG11321 and CG33144) resulted in viable flies. In the nematode, deletions affecting either one of the Ariadne-1 genes present, C27A12.8 (also called ari-1; Qiu and Fay 2006) or the gene of the Caenorhabditis-specific subfamily, Y57A10A.31, are lethal. However, loss-of-function mutations in parkin (a. k. a. K08E3.7, prd-1; Springer et al. 2005 ) and deletions affecting another Ariadne-1 gene, Y73F8A.34, are viable. RNAi experiments have been performed for all C. elegans RBR genes, but only one of them, the ARA54 subfamily gene F56D2.2 showed obvious phenotypes (slow growth, larval arrest, sterility) under the experimental conditions tested. The rest were apparently normal.
Discussion
Comparative genomics results indicate that there were at least three RBR genes, belonging to the Ariadne, ARA54, and Helicase subfamilies, before the split between unikonts and bikonts that may be at the basis of the eukaryotic tree. Later, the Triad3 subfamily, which is present in both fungi and animals, emerged (Marín and Ferrús 2002; Lucas et al. 2006 ; this study). The results presented in this study demonstrate that many new animal-specific genes emerged very early in animal evolution. If the hypothesis summarized in Fig. 3 is correct, eight novel RBR genes emerged before the cnidarian/bilaterian split. After that, the story reverses, with losses of genes occurring in many lineages and only a few new genes appearing. With the available data, cnidarians and mammals are the only groups that conserve a set of RBR genes that is similar to that of their common ancestors, while other lineages, both protostomates and deuterostomates, have lost several or even most of those genes, a result observed before for other gene families (e.g., Kusserow et al. 2005; Marín 2008 ) This streamlining process was especially extreme in nematodes and dipteran insects. However, after this occurred, some of the organisms with less RBR genes have generated some or even many new genes, duplicates of the few that were still left, thus secondarily increasing the number of RBR genes available.
Those expansions and contractions are difficult to explain with the available data. In my opinion, it will be possible to formulate a reasonable hypothesis of why nematodes or dipterans have lost so many RBR genes only when enough comparative data about the ubiquitination systems in multiple organisms becomes available. This is a promising line of research. On the other hand, a simple hypothesis to explain the differences in loss propensity for different genes is possible. RBR genes may be preferentially conserved if they have broad patterns of expression and if their mutations strongly affect fitness (as previously suggested for other genes, based on general analyses, by Krylov et al. 2003) . Although the functional results obtained so far are very fragmentary, genes like Ariadne-1 and Ariadne-2, prototypes of the most conservative genes, fit that pattern. First, they are present in all species with completely sequenced genomes, and I have found them also in all the genomes for which incomplete but extensive data exist, with the exception of the wasp Nasonia vitripennis, in which genome no Ariadne-2 gene has been so far found. Second, they are expressed in most/all tissues tested in both mammals and flies, suggesting that this broad pattern is ancient and may be present in all animals. Finally, the three Ariadne-1 and Ariadne-2 genes that exist in Drosophila flies and at least one in the nematode C. elegans are lethal or semilethal when mutated. This hypothesis may be easily tested when more functional results of RBR genes in different species are obtained. If supported by additional data, it may allow to functionally dividing RBR genes into two classes, one of them corresponding to vital, perhaps housekeeping genes, and the other including more specialized, lineage-specific genes. This functional division may have significant biomedical relevance. The secondary duplications found in some species, I think may contribute to ameliorate the impact of having few RBR genes: generating some new ones may be easier than recruiting any of the few RBR genes already present to perform new roles. It is relevant here to point out that, although the particular genes present may be different, no species for which we have full-genome sequences has less than five different RBR genes. From placozoans to mammals, this seems the minimal number required to sustain animal life.
Diversity of the RBR genes in animals seems to be restricted to about 11-12 different subfamilies (see ''Results'' section). Since our last analysis of the family (Lucas et al. 2006) , there have been just a few novel findings, the most important being the detection of helicase-containing RBR proteins in a few species, which has been already commented upon in detail above. However, it would not be surprising that some new diversity could be detected in lophotrochozoans, which are still barely explored. In fact, although most of the sequences detected so far can be ascribed to the already known subfamilies, the fact that two sequences from lophotrochozoans are the only ones that do not fit well in any of the subfamilies suggest a few more of them may be found when this large group of protostomates is examined in detail. Extensive results from sponges, for which only a few partial RBR sequences have been detected so far (none of them complete enough as to be included here), will be also very interesting. In any case, although the details of the evolution of the RBR family in animals may be further clarified, the results shown here most likely characterize all the main features of RBR diversification in metazoan species.
